The next-to-minimal supersymmetric standard model (NMSSM) with an extended Higgs sector offers at least one Higgs boson as the Standard model (SM) like Higgs with a mass around 125 GeV. In this work, we revisit the mass spectrum and couplings of non-SM-like Higgs bosons taking into consideration most relevant constraints and identify the relevant parameter space. The discovery potential of these non-SM-like Higgs bosons, apart from their masses, is guided by their couplings with gauge bosons and fermions which are very much parameter space sensitive. We evaluate the rates of productions of these non-SM-like Higgs bosons at the LHC for a variety of decay channels in the allowed region of the parameter space. Although bb, τ τ modes appear to be the most promising decay channels, but for a substantial region of parameter space the two-photon decay mode has a remarkably large rate. In this study we emphasize that this diphoton mode can be exploited to find the non-SM-like Higgs bosons of the NMSSM and can also be a potential avenue to distinguish the NMSSM from the MSSM. In addition, we discuss briefly the various detectable signals of these non SM Higgs bosons at the LHC. * guchait@.tifr.res.in † jka@tifr.res.in i arXiv:1509.02452v2 [hep-ph]
Introduction
The recent discovery of the Higgs particle [1, 2] has completed the particle family in the Standard model (SM), although more precise measurements are required to establish this claim strongly. On the other hand, there are various new physics models which can accommodate this Higgs candidate and are found to be consistent with the current measurements of Higgs couplings strength [3] [4] [5] . For example, the phenomenological models based on supersymmetric (SUSY) theory can interpret this Higgs candidate as their lightest Higgs boson [6, 7] . However, it is to be noted that to accommodate a Higgs boson of mass ∼125 GeV in the theory of Minimal Supersymmetric Standard Model(MSSM), one requires a substantial contribution to the Higgs mass from higher order correction which is very close to the tree level value of it. Of course, this can be achieved in a very suitable region of SUSY parameter space, in particular with the contribution from the third generation squark sector along with some degrees of fine-tuning [8, 9] .
The next-to-minimal supersymmetric standard model (NMSSM), an extension of MSSM with an additional Higgs singlet was proposed to solve the µ problem [10, 11] . Interestingly, it has been found that this model can provide a SM-like Higgs boson of mass around 125 GeV more naturally (For example, see Refs. [12] [13] [14] [15] [16] [17] [18] [19] [20] and references therein), and as a result, after the discovery of the Higgs particle [1, 2] , it has received a lot of attention. In this model the additional interaction term between the singlet and the doublet Higgs superfields contributes substantially to the Higgs mass, even at the tree level and thus reduces the required fine tuning significantly. The phenomenology of the NMSSM, more precisely of its Higgs sector, is quite rich due to the presence of this extra Higgs singlet and the corresponding interaction with the Higgs doublet. In the literature, there exist several studies carried out to study the NMSSM Higgs sector in the context of the LHC. The recent observation of the Higgs particle at the LHC and related measurements of its properties renewed the interest in the NMSSM leading to more focused and dedicated activities. The implications of the current observation of the Higgs boson at the LHC and the measurements of its properties have been extensively discussed in the context of the NMSSM by many authors. In the LHC experiment looking for the NMSSM Higgs signal in the current Run I data sets is one of the ongoing studies. In a very recent analysis, very light Higgs boson in the NMSSM was studied and from the non-observation of any signal, a bound on the Higgs production cross section times the corresponding Higgs branching ratio (BR) is presented [21, 22] .
The NMSSM contains seven Higgs bosons, three are CP even Higgs scalars (H i , i = 1, 2, 3) and two are CP odd states, while there are two charged Higgs bosons. In this work we revisit the Higgs sector of the NMSSM by studying the interplay of model parameters and Higgs masses and couplings. We explore the possible implications in the NMSSM Higgs sector of recent Higgs discovery by scanning the model parameter space for a wide range requiring one of the CP even Higgs bosons SM-like Higgs with mass around 125 GeV. Performing a very comprehensive analysis taking into account various experimental and theoretical constraints, we delineate the region of parameter space which provides one of the CP even Higgs boson SM-like. Corresponding to this allowed parameter space, we then discuss the phenomenology of, particularly, light neutral non-SM-like CP even and odd Higgs bosons at the LHC. It is observed that there exist a variety of decay channels of these light neutral non SM Higgs bosons with very reasonable BR depending on the parameters points. In this work, we study very systematically in detail the sensitivity of these BRs on model parameters and their impact ii on light non-SM-like Higgs boson signals at the LHC. Moreover, in order to understand the feasibility of non-SM-like Higgs searches at the LHC, the rates of production of Higgs bosons in various decay channels are estimated for the center of mass energy √ s = 13 TeV, in the context of the interesting region of parameter space. In fact due to many parameters dependence of the cross sections and BRs of the NMSSM Higgs bosons, it is difficult to present systematically the variation of non SM Higgs boson production rates in various decay channels. Hence, we follow the strategy to present the ranges of these rates by computing the minimum and maximum values in various decay channels for a given Higgs boson mass and the parameter space. Naively, this estimation of rates provides hints about the detectability of non-SM-like Higgs bosons at the LHC although detail understanding of the background level is required to make a final conclusion. Interestingly, it is observed that the BR of non-SM-like Higgs in the di-photon channel is substantially large for a certain region of parameter space [18, 23] . Undoubtedly, this two photons channel appears as a striking feature of the NMSSM model. Perhaps, the di-photon channel can provide a robust mode to distinguish the NMSSM from the MSSM because of the fact that photon is a clean object to probe experimentally. In addition there are also other hadronic decay channels of non SM Higgs bosons which can be useful as well in looking for Higgs signal in the NMSSM. It is to be noted that the similar type of study is carried out, in particular in Ref. [24] where the main focus is to study only the pair production of Higgs. In this paper, we study the production of Higgs via all dominant channels focusing the range of masses for all Higgs bosons below 125 GeV, the interesting range in the context of the present LHC experiments. In order to discuss the Higgs signal we have very systematically discussed the BR of various decay channels of non SM-like Higgs bosons including the two interesting channels, gg and cc. More importantly, in this current study we obtain rates for various decay channels estimating the Higgs boson production cross section following the model based calculation implemented in SuSHi [25] .
The paper is organized as follows. In section 2 we discuss very briefly the relevant parts of the NMSSM Higgs sector. In section 3, describing inputs and constraints used while scanning parameters, we discuss the allowed ranges of the masses, the couplings and decay BRs of non-SM-like light Higgs bosons. Presenting the rates of the non-SM-like Higgs boson production in various channels in section 4, we discuss various Higgs signals in section 5. Finally we summarize our results in section 6.
NMSSM Higgs sector
As mentioned in the introduction, the NMSSM Higgs sector contains one extra gauge singlet Higgs superfieldŜ in addition to two Higgs doublets (Ĥ u ,Ĥ d ) [10] [11] [12] making the super potential as,
where W MSSM corresponds to the super potential in MSSM with only two Higgs doublets without a µ term, λ and κ are dimensionless couplings. Recall that the primary goal in constructing the NMSSM is to generate the µ term dynamically to ensure its value around the EW scale, and thus solving the µ problem. The last term in Eq. 2.1 withŜ 3 is introduced to avoid Peccei-Quinn(PQ) symmetry [26] . Notice that this expansion respects explicit Z 3 symmetry. In the MSSM, W MSSM depends onĤ u andĤ d , the Higgs super fields which couple with up-type quarks and down type quarks and charged leptons respectively.
iii Correspondingly, the soft-SUSY breaking potential for NMSSM Higgs sector is given by, 
At the tree level, the Higgs sector of NMSSM have 9 parameters i.e,
But the minimization conditions of the scalar potential with respect to VEVs v u , v d and v s reduce another three parameters, and hence, the NMSSM Higgs sector at the tree level is described by six independent parameters, 4) unlike the MSSM where only two parameters m A , the mass of the pseudoscalar Higgs and tan β are required. More detail discussions and review on the NMSSM Higgs sector can be found in Refs. [10-13, 27, 28] .
The NMSSM Higgs sector contains 10 scalar degrees of freedom, out of which three are absorbed to give the masses of three gauge bosons, W ± and Z leading to seven physical Higgs states. Expansion of Higgs fields around the three vevs v u , v d and v s yield various Higgs mixing terms in the Lagrangian of which real and imaginary parts constitute two 3×3 Higgs mass matrices corresponding to the CP-even and CP-odd scalars. The diagonalization of these mass matrices by orthogonal matrices provides masses of three physical Higgs bosons. For instance, the diagonalization of the 3×3 real mass matrix results in the masses of three CP even Higgs bosons (H 1 , H 2 , H 3 ) and the corresponding diagonalizing matrix relates the weak Higgs boson states, H w j ≡ (H u R , H d R , S R ) with the physical ones as, [13, 27, 28] ,
and similarly for CP odd scalars, A i , [13, 28] , 9) and because of orthogonality property of matrix S, one can show that the mixing angle follows the relation,
As stated earlier this sum rule implies that if any one of the Higgs boson couples dominantly with a gauge boson, then the same couplings of other Higgs bosons are severely disfavoured. The mixing angle ξ i is constrained from the non observation of NMSSM Higgs bosons in LEP experiment [29] .
In NMSSM the upper bound of lightest Higgs boson mass at tree level is well known to be as [10, 11, 27, 30, 31] , As pointed out earlier, the Higgs sector also receives higher order perturbative corrections contributed by squark masses and trilinear A-terms, and as well as by the parameters of the gaugino and Higgsino sectors. A very tiny contribution may come from slepton sectors also. The total extra contribution due to these corrections lead further enhancement of Higgs mass. The calculations of these higher order corrections exist in the literature O(α t α s + α b α s ) [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] and the NMSSM-specific two loop corrections can also be found in the Ref. [40] . Including this additional correction to the mass, this upper limit of lightest Higgs boson mass can go up to ∼ 140 GeV with the constraint that λ to be within the perturbative limit [42, 43] .
Consequently, the higher order correction to Higgs mass relates the other sectors, in particular third generation of squarks. Therefore to predict Higgs mass, one needs to take into consideration of involved model parameters, including very sensitive third generation sector. On the other hand, perhaps, the well determinations of Higgs sector predict about the range of masses and mixing angles of third generation squarks, namely top squarks [6, 44] . However, it is to be noted here that the different spectrum generators for the NMSSM predict different Higgs boson masses separated by few GeV for a given set of input parameters and schemes [45] .
As described before, in NMSSM the Higgs sector has a non trivial dependence on a set of parameters Eq.2.4 [28] which eventually affect the NMSSM Higgs phenomenology. Recall that generating µ term dynamically leads µ eff ∼ λv s , which also is connected with chargino/neutralino masses. Hence, the LEP limit on light chargino mass ( > ∼ 100GeV) [46] predicts a bound, λ ≥ µ eff /v s [14] . Apparently, this bound restricts λ not to be very small unless vev v s becomes too large, which is not also phenomenologically favourable as the other vevs, v u , v d are expected to be also around the EW scale. However, there are certain variations of the NMSSM model, for instance, the semi-constrained NMSSM where soft masses of scalars, gauginos and trilinear A-terms for third generation fermions are assumed to be the same at the grand unified scale [47] . In this type of scenario, the values of the λ and κ can be very small, even much below of the O(0.1) which is completely compatible with the existing constraints which will be discussed later. On the other hand, running of λ and κ from high scale of Grand Unified Theory(GUT) to EW scale through renormalization group equation and the requirement of perturbative nature of couplings, a bound on them can be derived [28] as,
Scanning of NMSSM parameters
In this section, we try to identify the region that offers one of the CP-even Higgs boson as the SM-like (H SM ). by carrying out a comprehensive random scan of NMSSM parameter space. We use the package NMSSMTool4.3.0 [48, 49] which calculates for a given set of input vi parameters, the masses, the couplings and the decay branching ratios of all the Higgs bosons along with the spectrum of other SUSY particles. This code also systematically checks the consistencies of the parameters against various theoretical as well experimental constraints. Experimental constraints include measurements of various low and high energy observables predicted within the framework of the NMSSM.
In our scan, we set the following ranges for the relevant parameters, 0.1 < λ < 0.7; 0.1 < κ < 0.7; 0 < A λ < 2 TeV, −2 TeV < A κ < 200 GeV; 1.5 < tan β < 30; 100 GeV < µ eff < 2 TeV. (3.13)
Here the choice of parameters are phenomenologically motivated which expected to provide a very different scenario than the MSSM and testable at the future LHC experiments. The range of parameters are chosen in such a way that it provides one of the CP even Higgs boson to be SM-like with a mass around 125 GeV and other singlet like Higgs bosons are not too massive. In our scan very small values of λ are avoided to restrict µ ef f and v s at the level of electroweak scale. However, as mentioned in sec.2, the values of λ and κ can be very small even much lower than our considered ranges, in the context of the certain variation of the NMSSM [47] . In view of this, our chosen scenario of the paratmeter choices is not very general one, represening only a subset of the parameter space. The g-2 constraint favours the positive values of µ ef f . However, this in not a very general set up of parameters while more wider ranges of parameters are also accessible in the context of certain variation of NMSSM [47, 50, 51] .
The soft mass parameters for the left and the right handed squarks from the first two generations, to which the Higgs boson mass are not so sensitive, are set to,
while for the third generation squarks, known to have a large effect on the Higgs mass, these are varied over the range,
to consider a wide range of values from them. However, as we know, because of radiative contributions to the mass of the Higgs boson, the masses of the top squarks and the corresponding mixing are important and hence A-term plays an important role. With a goal to achieve a CP even Higgs state close to the mass of the SM Higgs, we vary |A t | from small to large values as, while keeping all other remaining trilinear A terms to zero. While scanning parameters, we test all constraints including theoretical ones pertaining to vacuum stability. Moreover, the precision measurements at the LEP experiments restrict the new physics models through the measurement of M W , sin 2 θ eff , the ρ parameter and also via the invisible decay width of the Z boson. In addition, the constraints due to various low energy observables from flavor physics vii such as B → X s γ, B s → µ + µ − and B → τ + ν τ and also the mass differences ∆M d and ∆M s are checked in the process of scanning of the parameters. Various existing bounds on sparticle masses and production cross sections that are obtained from LEP, the Tevatron and from the LHC experiments are also imposed. The details of all these constraints can be found in [52] . Notably, among various experimental constraints, the most crucial ones are from the Planck [53] data and the muon anomalous magnetic moment [54] . In this model the lightest neutralino(χ 0 1 ) is assumed to be the lightest-supersymmetric particle (LSP) and is also a DM candidate. NMSSMTools interfaced with micrOMEGAs [55, 56] , calculates the relic density. Recent data from the PLANCK experiment [53] concludes the relic density to be,
In the NMSSM, the DM solution is tested with the measured data as shown above at the 10% level. The most natural solution to the DM problem is via the bulk annihilation channel which requires lighter electroweak gauginos and sleptons. The impact of DM constraints on the NMSSM are discussed by many authors [16, 47, [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . The parameters in the gaugino sector, M 1 and M 2 , the U(1) and the SU(2) gaugino masses, respectively are expected not to have any large effects on Higgs masses, but are important in calculating the dark mater relic density, Eq. 3.18. Therefore, we vary the values of gaugino masses M 1 , M 2 while keeping M 3 , which is very close to the value of the gluino mass to a fixed value,
The precisely measured value of the muon anomalous magnetic moment,
is considered to be a very strong constraint for new physics. The total SM contribution to a µ is estimated with an uncertainty predominantly due to the hadronic contributions [67] . The discrepancy between the measured value and the one predicted by the SM is found to be [54] ,
This implies the measured value is 3σ away from the SM predicted value. In SUSY model, there are additional contributions due to the presence of sparticles in loops which provide an explanation for this excess [68] [69] [70] [71] . In the NMSSM, the effect of g µ -2 constraint on its model parameter space has been discussed in [72] . As we know, the main SUSY contribution to a µ comes at the one loop level involving smuon-neutralino and sneutrino(muon)-chargino diagrams. However, this SUSY contribution at the one loop level is determined by the sign of the µ-term and the value of tan β. In order to have a reasonable contribution to δa µ from these additional one loop SUSY diagrams, the masses of the sparticles, in particular of the smuons are favoured to be as light as ∼ 100 GeV and tan β ∼ 10-15 [72] . The slepton masses are not directly coupled with the Higgs sector, but plays a crucial role in determining the anomalous magnetic moment of the muon as discussed before. In order to have a parameter space consistent with g µ -2 constraint we assume low values of the first two generations of sleptons [72] i.e,
1.07 C γ 0.67 1.33 Table 1 : The allowed ranges of reduced couplings of the SM-like Higgs with fermions and the gauge bosons and also the effective couplings with the gluons and the photons at 95%C.L. These are obtained by CMS experiments [3] .
The Higgs contribution to δa µ comes via 2-loop diagrams [73, 74] and is found to be negligible both in the SM and in the MSSM because of the higher values of the Higgs masses. On contrary, in the NMSSM rather light Higgs states decoupled from fermions and bosons are viable, even with a few GeV mass. The one loop diagrams involving these lighter Higgs states are found to be potential sources contributing to δa µ [65, 72] . For instance, for lower values of the Higgs mass < ∼ 10 GeV, for both CP even and CP odd states, contributions appear to be substantial within 2σ of the central value of δa µ given in Eq. 3.21 for large values of tan β.
In our scan, we take into account the impact of g µ -2 constraint which has some effects on the parameter space as will be discussed later.
In the NMSSM, out of three CP even Higgs bosons, one is required to be SM-like. In addition, the couplings of the SM-like Higgs boson to fermions and the gauge bosons should be consistent with the current measurements by both the CMS and the ATLAS experiments [3] . As shown in Eq.2.7, 2.8 and 2.9, the couplings of the Higgs boson with fermions and the gauge boson are basically a scaling of the corresponding SM couplings by a factor called the reduced couplings which are essentially the ratios of g
. Similarly, one can also have reduced effective couplings of Higgs with gluons and photon, say C g and C γ , respectively. At the LHC, both the ATLAS and the CMS collaborations examined the the Higgs couplings following the strategy discussed in Ref. [75] . By performing a very detailed analysis, the allowed ranges of the reduced couplings are reported at 95% C.L. In Table 1 allowed ranges of these reduced couplings measured by the CMS experiment [3] are presented.
Note that the CMS and ATLAS experiments do not measure the Higgs couplings directly. However, by measuring the signal strength, the factors by which the SM couplings are scaled can be constrained. Here these scale factors are defined to be the reduced couplings which are constrained by both the LHC experiments. It is to be noted that the SM Higgs production cross sections in various related modes are used in deriving these limits. In our study, while scanning the parameter space, we impose these constraints on the reduced couplings for the SM-like CP even Higgs boson. Similarly, from negative searches of Higgs at the LEP experiment, the reduced couplings of the SM-like Higgs boson with W/Z (C v = ξ) also get constrained [29] and our scan has been subjected to these constraints as well. Furthermore, in the NMSSM, possibly the SM-like Higgs boson can decay via non-standard modes which will be discussed in later section. The total BR in these non SM modes, namely BR BSM of the SM like Higgs boson is also restricted from above from the current Higgs data. The CMS measurements set the upper limit of non-SM branching ratio of the SM-like Higgs ix to be [3] ,
This limit is incorporated in our parameter scan.
Eventually, after playing with the NMSSM model parameters, we identify the region of parameter space allowed by all theoretical and experimental constraints as described.above, which yields one of the relatives light CP even Higgs bosons, either H 1 or H 2 , to be SM-like with its mass in the range,
It is always observed that the heaviest CP even neutral Higgs, H 3 tends to be massive ∼ 200 GeV or more. Thus, we focus our attention on two distinct regions presenting the following two scenarios:
• Case A: the second lightest CP even Higgs, H 2 ∼ H SM .
• Case B: the lightest CP even state,
In the subsequent sections we discuss various features of these two cases and the relevant phenomenology in the context of ongoing LHC experiment with a center of mass energy of 13 TeV. CP odd Higgs boson(A 1 ) is also lighter than H 2 in a certain region of parameter space. Both H 1 and A 1 are dominantly singlet like. In Fig. 1 , we present the possible ranges of m H 1 and m A 1 when H 2 is SM-like [24] . In this figure the allowed points (cyan) are result from imposing x only the g µ -2 limit (Eq.3.21) along with all other theoretical and experimental constraints as described in the previous section. Subsequently, adding constraints from the DM relic density (Eq. 3.18) and from the measurements of the Higgs couplings at the LHC (Table 1) , the more restricted region(blue) is obtained. It is interesting to note that, even after including all such constraints, H 1 or A 1 may turn out to be very light, ∼ 20 GeV, although there are only few points [76, 77] . Moreover, this figure clearly indicates that for a good fraction of the parameter space, both m H 1 and m A 1 are found to be less than the half of the mass of H 2 , thus allowing the latter decay in the following ways,
Case
It is to be noted that these lighter singlet states A As observed in Fig. 3 . the reduced coupling of A 1 to d-type quark is somewhat larger than its coupling to u-type quark. Consequently, this behaviour of the reduced couplings significantly affects the Higgs phenomenology in the colliders. These are discussed in the next section. 3.2 Case B:
Following a similar strategy as described above, we obtain a substantial region of parameter space with the lightest CP even state H 1 as the SM-like Higgs boson. Obviously, in this scenario, m H 2 > ∼ m H 1 ∼ m H SM and the mass of A 1 can be lighter or heavier than H 1 . In fact, a significant region of parameter space exists even after imposing all constraints where it is observed that A 1 is light, around ∼ 50 − 100 GeV and it can turn out to be even lighter ∼ 10 GeV for few points( see Fig. 4 ), where allowed ranges of m A 1 and m H 2 are presented for this scenario. This figure indicates that the available range of m A 1 can be lighter than m H 1 /2, whereas m H 2 may extend to very large (∼ 500 GeV) values. Hence the following xii decay channels,
open up with a reasonable branching ratio depending on the region of the parameter space. These decay channels may potentially provide additional indirect sources of productions of H 1 as well as of A 1 at the LHC mediated by triple Higgs bosons couplings. xiii As before, in order to understand the phenomenology in this scenario of non SM singletlike H 2 and A 1 , we investigate the coupling strengths of these Higgs states. Since H 1 is SM-like, and it predominantly couples to gauge bosons, obviously the sum rule (Eq. 2.10) predicts suppression of the corresponding reduced couplings of H 2 , as shown in Fig. 5 (bottom  panel) . Notice that the reduced couplings of H 2 with d-type quark are reasonably large, ∼2-10 depending on the masses, but additional DM and LHC constraints restrict those to lower values. The variation of the reduced couplings of A 1 is also studied and is shown in Fig. 6 . The reduced couplings of A 1 to the u-type quark is almost negligible whereas with the d-type quark it has finite values. Moreover, because of the absence of A 1 coupling to gauge bosons, direct production of A 1 in lepton colliders and via vector boson fusion in hadron colliders are suppressed. Hence, the low masses of A 1 are not excluded by LEP experiment. However, in hadron colliders A 1 can be produced via gluon gluon fusion or b -b annihilation and due to the suppressed couplings of A 1 with u-type quarks, the latter process is the comparatively dominant one.
Armed with this knowledge about the spectrum of allowed masses and the couplings of the light neutral non SM Higgs bosons for the two scenarios, (A) and (B), we now discuss their decay patterns and followed by their phenomenological implications at the LHC.
Higgs decays:
As pointed out earlier, the NMSSM Higgs bosons offer a rich phenomenology at colliders owing to their very diverse decays in various channels including some non SM modes. Furthermore, the BR of each Higgs decay modes and hence, the sensitivity of the corresponding signal, are very much parameter space dependent because of the presence of complicated admixtures of physical Higgs states making them either doublet-or singlet-like. In this work, in order to predict NMSSM Higgs signal at the LHC in the context of the scenarios presented in case(A) and case(B), we revisit various Higgs decay channels by studying correlations among the BRs and the parameter space. We also focus on a few interesting Higgs decay modes which can lead to robust signals of the NMSSM Higgs bosons, in particular, for the lightest CP odd and the CP even Higgs bosons. In the present context, we discuss features of BRs of various decay channels only for two CP even (H 1 , H 2 ) and the lightest CP odd (A 1 ) Higgs bosons.
• H 1 decays : As mentioned before, for certain regions of the parameter space in the scenario represented by case(A) with H 2 as the SM-like Higgs boson, H 1 and A 1 can be very light and can have masses below 50 GeV, see Fig 1. The decay H 1 → A 1 A 1 will be the dominant one whenever it is kinematically allowed. The corresponding decay width is primarily determined by triple Higgs H 1 − A 1 − A 1 coupling mediated by singlet components and approximately proportional to κv s , thus making the decay width very large in comparison to other fermionic and bosonic channels. It is found that for certain set of parameters, the BR (H 1 → A 1 A 1 ) goes to 90% or more. As expected, this triple Higgs boson coupling receives corrections [78, 79] which are not taken into account in this present calculation. There exists a subset of parameter space where H 1 decays dominantly to bb channel with BR close to 90% and rest to the τ τ channel (∼ 10%) as shown in Fig. 7(left) Figure 7 : BR of H 1 in different channels for case(A) and allowed by all constraints including g µ -2, LHC and DM.
On the other hand, for certain region of the parameter space (where m H 1 > ∼ 60 GeV), the coupling C H 1 uū becomes finite (see Fig.2 ) resulting in an enhancement of the decay width of H 1 → gg (via top quark), cc channels leading a little suppression of bb decay BR as demonstrated in Fig. 7 (right) , provided Higgs to Higgs decays are kinematically forbidden. Notice that for the mass range around m H 1 ∼ 60 GeV or above, the gg, cc channels are quite large [80] . A finite fraction of about 4-6% of H 1 decays to W W for higher m H 1 and also ∼2-3% BR is found for the γγ channel [81] . Note that the pattern of BR as shown in Fig. 7 (left and right) correspond to two different regions of the parameters space. For case(B), H 1 is SM-like and decays via various SM channels with almost the same rate as in the SM. In addition, it can also decay to some non SM modes, such as H 1 → A 1 A 1 ,χ 0 1χ 0 1 whenever kinematically allowed. Note that, however, as mentioned earlier, the total BR to these non SM channels of SM-like H 1 is restricted by an upper bound, as given by Eq. 3.23. Perhaps, looking for these non SM decay channels of the SM-like Higgs can be a potential avenue to confirm the existence of this type of SUSY scenario.
• A 1 decays : For the scenario presented by case (A), the lightest CP odd Higgs boson A 1 primarily decays to fermions due to the absence of tree level couplings with gauge bosons. As shown in Fig.8 , for lower mass range, it decays dominantly to bb with BR ∼90% and then to sub-dominant τ τ channels. However, if decay modes such as, A 1 →χ 0 1χ 0 1 ,χ 0 1χ 0 2 are accessible for a heavier A 1 ( > ∼ 150 GeV), then those turn out to be the dominant ones due to the enhancement of A 1 couplings with singlino-Higgsino components inχ 0 1 ,χ 0 2 states leading to larger width. Here,χ 0 1 andχ 0 2 are the lightest and the second lightest neutralinos respectively. In this scenario, the BR of A 1 in the di-muon final state is very tiny (∼ 10 −4 ) as shown in the same figure along with other sub dominant decay modes such as, A 1 → γγ, gg, Zγ, ZH 1 . For the scenario where H 1 is SM-like i.e.in case(B), the BRs of A 1 to various final states are depicted in Fig. 9 . Interestingly, note that BR(A 1 → γγ) can indeed be very large (∼100%) and even greater than the BR for bb channel, in certain regions of the parameter space and for a wide range of m A 1 (left). This interesting decay pattern of A 1 in the di-photon channel can be understood by more careful investigation of the structures of A 1 couplings to various particles. Here, note that A 1 is dominantly singlet like resulting in all of its available fermionic decay channels suppressed. Primarily the off-diagonal elements in the Higgs mass matrix determine the composition of Higgs boson states. For example, in case of A 1 when the off-diagonal term of pseudoscaler Higgs mass matrix vanishes for a certain combination of the parameters, then A 1 becomes completely singlet like. From the 2×2 Higgs CP odd mass matrix, one can conclude that the vanishing of off-diagonal term leads A 1 purely singlet dominated which can be translated to the relation such as A λ ∼ 2κµ ef f λ and it occurs for a wide region of parameters. Moreover, A 1 does not have any tree level coupling with the vector bosons. In this kind of a scenario, A 1 can still couple to photons at one loop with charginos in the loop. The Higgsino like charginos favourably couple to a singlet like A 1 state and enhance the partial width of A 1 → γγ mode. Therefore, for the regions of the parameter space where both the charginos are Higgsino like, BR(A 1 → γγ) turns out to be very large for a wide range of m A 1 as clearly seen in Fig. 9 [23, 82] . Evidently, this di-photon final state appears to be one of the striking features of this model and can be exploited not only to discover A 1 at the LHC, but also to discriminate the MSSM from the NMSSM. It will be discussed later in more detail. In addition, A 1 → τ τ mode is also present with a reasonable BR(∼ 10%) which can also provide a clean signal of A 1 . The other sub dominant decay modes of A 1 are presented in Fig. 9 (right) where the dominant one is the invisible decay channel, A 1 →χ 0 1χ 0 1 . The BR of A 1 in the muonic channel, A 1 → µµ is of the same order (∼ 10 −4 ) as before along with other subdominant channels like A 1 → gg, Zγ. Note that, both the plots in Figs. 8 and 9 presenting xvi the BRs of A 1 and H 1 respectively correspond to two different regions of the parameter space for each cases.
• H 2 decays: In the scenario described in case(B), H 2 can decay to a pair of SM-like H 1 as well as to a singlet like A 1 pair i.e. H 2 → H 1 H 1 , A 1 A 1 . If kinematically allowed, these are expected to be dominant(∼ 80-100%) is clearly shown in Fig. 10 (left) . Since, H 1 is SM-like, the decay channel, H 2 → H 1 H 1 is likely to contribute to the rate of SM di-Higgs production at the LHC. Similarly, in Fig.10 (right) we present BRs of various decay channels of H 2 for case(A).
In this case, notice that for a good fraction of parameter space the mass of H 2 ∼ H SM is heavier than that of H 1 and A 1 (see Fig 1) , and BR(H 2 → H 1 H 1 ) is found to vary between a few percent to ∼40% where as BR(H 2 → A 1 A 1 ) is enhanced to 30%. Note that, as before, these are the non SM decay modes of the SM-like Higgs H 2 and also allowed by the constraint in Eq. 3.23. However, the decay channel H 2 → H 1 H 1 is expected to contribute to the visible signal of the SM-like Higgs boson production. Hence, it is worth examining the contribution of this decay channel in the present Higgs data collected at LHC Run I experiments, which eventually may constrain the model [83] . Notice that in this scenario, case(A), H 2 has a reasonable BR (∼10-90%) to a pair of lightest neutralinos contributing to its invisible decay width [84] . In addition, H 2 has many other sub dominant decay modes which can provide interesting signals, in particular for the scenario (B 4 Higgs production at the LHC In general, the NMSSM Higgs bosons can be produced via conventional mechanisms, i.e by the dominant gluon-gluon fusion (ggF), whereas the next sub dominant mode is the associated productions with a pair of b quarks. However for a very large value of tan β, the associated production mode appears to be the dominant one. We reiterate here that in the NMSSM, the Higgs couplings to fermions and the gauge bosons are essentially the SM couplings scaled by the respective reduced coupling factors which can vary widely from small ( 1) to moderately large values(∼ 0.5). It implies that the Higgs boson production cross-section in the NMSSM can be obtained from the corresponding SM cross-section by appropriately rescaling them by xvii the respective factors. Hence the following naive strategy can be adopted to estimate the NMSSM Higgs boson production cross section as [24, 85] ,
where φ stands for any of the CP even or odd Higgs boson states. Here σ ggF (φ) is the NMSSM Higgs boson production cross section via gluon-gluon fusion and σ SM ggF (φ) is the corresponding SM cross section for the same Higgs boson mass. C gg is the effective reduced coupling ggφ via loops comprising heavier quarks and squarks. The SM Higgs boson production cross-section through ggF is known at the level of next-to-next-to leading order(NNLO) QCD [86] [87] [88] [89] [90] [91] [92] . We compute these SM Higgs boson production cross section via ggF using SusHi-v1.5.0 [93] which takes into account the QCD contribution up to NNLO mediated by only the SM particles.
However, it is to be noted that in SUSY model, the ggF channel may receive a sizeable contribution from loops involving the corresponding superpartners, in particular, the third generation squarks, the stops and the sbottoms [94] . Recently, in the context of the NMSSM, the neutral Higgs boson production cross-section via ggF is computed including NLO contributions of the squarks and the gluino in addition to the electroweak corrections involving light quarks and it is implemented in SusHi [25] . These calculations are based on the expansion of terms of inverse of heavy SUSY particle masses [95] [96] [97] . Obviously, numerical estimation using this calculation is expected to be more reliable than the approximate method described in Eq. 4.27. Hence, in this work we use this calculation implemented in SusHi-v1.5.0 [93] to compute the neutral Higgs boson production cross sections in the NMSSM. Thus, the production rate of Higgs decaying to any of the pair of state X can be estimated as,
where φ → XX collectively represents the Higgs decay channels with XX = bb, τ τ, γγ, gg, cc, µµ, WW, ZZ etc. For a given decay channel and a set of parameter values, BR(φ → XX) is obtained from the NMSSMTools. σ ggF (φ) is computed directly using the NLO calculation [25] in the NMSSM implemented in SusHi. On the other hand, for the sake of comparison, we also estimate the cross section for the same Higgs boson production with the same mass following the approximate method as described in Eq. 4.27. It is found that following this prescription the calculated CP even Higgs boson production cross sections are 30-40% higher than the value obtained using a more exact calculation of SusHi [25] . This can be attributed to the fact that in the NMSSM, the production cross sections are estimated at NLO including electroweak corrections, where as in Eq. 4.27 NNLO QCD result without any SUSY loops are used along with C gg estimated at NLO.
The cross-section for the next-dominant production mode, can be obtained by exclusive Higgs boson production in association with a pair of b quarks [98] ,
However, this cross section can be obtained also by computing bb → φ which is a good approximation within the higher order correction [99, 100] . Note that the SusHi calculates this bb → φ at NNLO QCD. The rate R XX corresponding to this production channel is obtained by multiplying the effective reduced bbφ coupling factor with the SM production cross section obtained from SuSHi [93] and the respective BR(φ → XX). In our calculation we use the CT10 [101] for parton distributions function and both the QCD scales are set to M φ for ggF, xviii whereas the factorization scale is fixed to 0.25M φ only for bb → φ production. Needless to say that the rate of the Higgs production in any of the decay channels is very much sensitive to the model parameters owing to the presence of mixing angles in the Higgs couplings, see Eq. 2.7 and 2.8.
Indirectly, H 1 and A 1 can also be indirectly produced in pairs through H 2 production via ggF and its subsequent decays provided m H 1 , m A 1 < m H 2 /2. The corresponding production rate can be obtained as,
where φ = H 1 , A 1 . As before, the σ ggF (H 2 ) is computed from NLO calculation in the NMSSM framework using SusHi [25] .
Now we present the light neutral non-SM Higgs bosons production rates R XX (Eq. 4.28) via both the production modes, ggF and bb → φ for various decay modes corresponding to the regions of parameter space presented by case(A) and case(B). As pointed out earlier, the opening up of many decay modes of the non-SM-like Higgs bosons offers a variety of signals with a widely ranging rates. In order to demonstrate, we compute the minimum and the maximum values of those rates, R XX for those region of the parameter space for a given mass of the Higgs boson and the decay channel. Naively, such regions of the parameter space which leads to the minimum and maximum cross sections for a given Higgs mass and decay channel are identified by the corresponding values of the product, C 2 gg × BR(φ → XX). We assume that the parameter region which gives the maximum(minimum) value of this product yield a maximum(minimum) value of the cross section for the given Higgs boson mass and the decay channel. In Tables 2 -4 , we present minimum and maximum rates for non-SM-like Higgs bosons in various decay channels for the scenarios case(A) and case(B). For example, in Table 2 , the results are shown for the non-SM-like H 1 for case(A). Rates are presented for the Higgs production via both ggF (R XX (gg)) and associated production, bb → φ(R XX (bb)). In this table, the first row shows the selected values of m H 1 extending up to 120 GeV, while the first column indicates the rates (R XX ) for the decay channel XX of which minimum and maximum values are presented. For instance, with a choice of lower value of m H 1 = 13 GeV, the maximum rate of H 1 production in bb channel via ggF is about 145×10 3 fb, where as the same for γγ and τ τ channels are about 1.4 fb and 14 ×10 3 fb, respectively. As seen in this Table that the rates(R XX (bb)) via associated production Higgs are also not negligible. Note that we do not present the minimum values of the cross sections if it is found to be less than 10 −4 fb. Also, we only present single numbers for those cases where we have very few allowed points in the parameter space and no presentable variation in rates is observed for them. It is well known that the signals in the γγ, τ τ channels are comparatively clean due to the efficient tagging of photon and improved detection of τ leptons either in jets or leptonic final states. For higher values of m H 1 , say for 110 GeV, the dominant cross section is found to be again for the bb final state values ranging over from a few fb to a few thousands fb, whereas in the case of the τ τ final state, the maximum value lies within a few 100 fb. Interestingly, note that the rate of the H 1 production decaying in the H 1 → gg channel is reasonably large for all masses, unlike the situation in the SM as well as in the MSSM, where it is very much suppressed. Hence this channel can have the potential candidate to distinguish the NMSSM from other SUSY models, although elimination of QCD background is a non-trivial task. Remarkably, we observe that at higher values of m H 1 for which m here. In this case, of course, the possibility of observing the signal of H 1 depends on A 1 decay pattern and the measurement can provide the information about triple Higgs bosons coupling. It is also observed that the rate in the WW channel at the higher masses range(∼ 120 GeV) is non negligible, and can vary between the range of O(1 -100 fb). In addition, possibility of the H 1 →χ o 1χ 0 1 (invisible decay) exists for higher m H 1 ( > ∼ 100 GeV) with a very tiny rate in a certain region of parameter space. Table 3 , we present the minimum and the maximum rates of A 1 in any given decay channel through both the production modes for a range of masses 22 -249 GeV for the scenario represented by the case(A). The dominant rates of A 1 also appear to be in the bb decay channel. On the other hand, τ τ, γγ channels predict a range of sizeable rates, in particular for m A 1 ∼ 100 GeV or less. For higher masses of A 1 , the rates for τ τ, bb channels are reasonable. Decays of A 1 in various SUSY particles, in particular, for higher A 1 masses also appear with a few fb cross section which are not presented here. In Table 4 , as before, we present the rates of the A 1 production for a mass range from 17 − 249 GeV in multiple channels for case (B) where H 1 is the SM-like Higgs. Note that as before the experimentally clean γγ and τ τ channels provide a sizeable rates for lower values of m A 1 , whereas for higher values of m A 1 , depending on the regions of the parameter space, the rates for τ τ, bb channels appear to be feasible for exploring A 1 . The cc, gg channels are not very promising due to tiny rates and presence of large QCD background, except for the lower masses where the rates are sizeable. As observed before for the H 1 case, the bb channel has the most dominant rates for all masses of A 1 . The production rate of heavier non-SM-like Higgs boson H 2 in various final states are presented in Table 5 for the case(B). For the lower mass range, just above the SM-like Higgs boson mass, the dominant rate is due to the bb mode as expected followed by the same in τ τ channel which are not shown. For higher mass range around ∼ 200 GeV, the rates for the channels such as, WW, A 1 A 1 and H 1 H 1 are quite large. It is also observed the rate in the invisible decay mode (H 2 →χ 0 1χ 0 1 ) is not negligible in a certain region of parameter space. Furthermore, for very high values (m H 2 ≥200 GeV), Higgs to Higgs decay modes appear to be the dominant ones and provide a moderate rates ranging between a few fb to a few tens of a fb. 
Similarly in

Higgs signal
The discovery potential of the non-SM-like Higgs boson depends on the underlying production mechanism along with its subsequent decay spectrum and the resulting rate. Already many studies exist in the literature presenting the detection prospect of finding the non SM Higgs bosons in the NMSSM exploiting, in particular popular bb, τ τ modes producing Higgs bosons directly or indirectly via Higgs to Higgs decays (for a review and details see Refs. [14, 85, 102] and references therein). However, here we try to emphasize the detection prospect of the non-SM-like Higgs signal via enhanced rate in the γγ final state and as well as the other final states such as gg, cc.
As we have noticed in the previous sections, the BR in γγ mode of A 1 and H 1 can be very large, in particular for A 1 , it is closer to 90-100% in a certain region of parameter space in the scenario case(B), see Fig.9 [18, 23, 24, 103] and similarly the BR of SM-like Higgs boson of mass 125 GeV in the di-photon is also enhanced in comparison to SM Higgs boson [104] . The BR of H 1 → γγ is also not negligible and is observed to be around 2-3% for m H 1 masses ∼60 GeV or above as seen in the Fig.7 and the Table 2 [105] . For example, for m H 1 ∼ 68 GeV, (see Table 2 ), at 13 TeV LHC energy, one can have maximum about few thousands events in γγ channel for the integrated luminosity 100f b −1 For the same scenario, in case of A 1 , for 60 GeV mass, one can expect about fewer event ∼10-15 (see Table 3 ) for the same integrated luminosity. Here, the large BR of A 1 into two photons channel does not yield a large rate because of suppressed production cross section. As is well known, looking for a signal in the di-photon final state is very promising as photon is a very clean object to tag experimentally. It is remarkable that neither in the SM nor in the MSSM, the decay rates of the Higgs bosons in the di-photon channel is comparable to what is in the NMSSM. For instance, in Refs. [23, 103] it is shown that for the H 1 , the relative signal rates i.e production cross sections times BR(H 1 → γγ) are almost larger by almost a factor of 5-7 what is predicted by the SM for m H 1 < ∼ 100GeV and similar pattern is also observed even for m H 1 > ∼ 100GeV case [106] . In this current study we focus on the di-photon channel for a very low mass region(<125 GeV) of non SM-like Higgs bosons which are accessible at the current LHC experiments. After performing a very systematic scanning of the parameter space we present the minimum and maximum rates of di-photon production for a given mass of non-SM-like Higgs. In addition we also discussed the variation of the BR of the di-photon channel for this mass range along with other decay channels. It is worth to have this information in order to estimate the sensitivity of non SM-like Higgs production for a given integrated luminosity. Evidently, this diphoton channel appears to be a smoking gun signal to look for light neutral non SM Higgs bosons. Although some simple parton-level analyses were already carried out in the past to explore the detection possibility in this di-photon channel [106, 107] , more detail analysis are required in the present context. The estimation of the corresponding SM background in this di-photon channel is also a challenging task, in particular, for the low mass Higgs bosons. We postpone this analysis to a future work [108] .
Furthermore, for Higgs decays to two gluons, H 1 → gg with a branching ratio of about 50% or more, a reasonable number of events in this channel are expected for the 100f b −1 integrated luminosity (see Fig. 7 and Table 2 ), in particular for the mass range ∼60-100 GeV, this channel yields a huge number of events (O(1000)) even for an l integrated luminosity as low as 10f b −1 . Clearly, this gg final state provides an alternative option to detect the NMSSM light neutral Higgs bosons at the LHC by probing the invariant mass of a pair of jets, which xxiii is not a easy task due to the presence of enormous QCD background. Perhaps, in the H 1 +1 jet final state, where an extra jet comes from radiation followed by H 1 → gg decay, one can tag two jets to reconstruct the Higgs mass using the jet substructure method which is a very efficient technique [109] to probe boosted objects. Of course, the feasibility of this channel can be understood only after carrying out a detailed simulation including QCD background. Possibly, this gg channel provides a direct opportunity for a direct measurement of effective Higgs coupling to gluons directly [110] . In addition, the decays of the Higgs bosons to SUSY particles, such as, φ →χ 0 1χ 0 2 , if are kienamtically allowed and have a reasonable BR, can also lead to interesting signals, particularly for leptonic decays of sparticles. Essentially, sparticle decay channels open up for values of m H 1 ∼200 GeV. These decay channel φχ 0 1χ 0 1 may also contribute to the invisible width of the Higgs boson. Finally, Higgs to Higgs decay channels (Eq.3.26) give rise to many more detectable final states depending on the decays of H 1 and A 1 . A detail investigation of these channels and measurements of triple Higgs couplings may reveal the model structure of the NMSSM. In Table 6 , for the sake of illustration we present for few cases some of the relevant parameters where the rates are reasonably large for a given Higgs boson mass and decay channel. Table 6 : Parameter sets(P1 -P8) for a given Higgs boson mass and decay channel for both the cases A and B corresponding to the rates R XX (in fb). These points P1-P8 are selected from Tabe 2-5.
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Summary
The recently discovered Higgs particle can be accommodated in the framework of the NMSSM easily without much adjusting the input parameters unlike in the case of the MSSM. Scanning the parameter space taking into account all constraints, we found the scenario where one of the Higgs bosons is SM-like and, some of the singlet like neutral Higgs bosons can be rather very light with suppressed couplings to fermions and the gauge bosons. In this work we focus our attention only to light neutral two CP even Higgs bosons and one CP odd Higgs boson out of which one the CP even Higgs bosons is SM-like. We discuss the masses and the couplings of the non-SM-like light neutral Higgs bosons and their BRs in various decay channels which predict the Higgs phenomenology at colliders. We present the BRs of the non-SM-like Higgs bosons in all accessible decay channels in reference to the allowed parameter space. We present the ranges of over all rates of production for a given non SM Higgs mass and for a given decay channel in the allowed region of parameter space, which demonstrate the potential final states that can be probed in the search for non SM signal at the LHC. We found some of the characteristic decay channels which are less dominant in the the SM and in the MSSM could play important roles in such searches. For example, in certain region of the parameter space, a large BR of Higgs decay to two photons is found to be quite interesting and can provide not only a characteristic robust signal of the NMSSM, but can also help to discriminate the NMSSM from the MSSM. Although this observation is also made in previous analyses, as discussed in sec. 5, but here we present the rates in this di-photon channel more systematic way for various lower masses of Higgs bosons corresponding to the center of mass energy at 13 TeV. These information may be very useful in searching for the non SM-like Higgs bosons at the LHC. Higgs decay to two gluons also turn out to be an interesting mode which one can exploit to study the the NMSSM Higgs sector, though care must be taken to deal with an enormous QCD background. Moreover, further studies of Higgs to Higgs decays via triple Higgs bosons couplings and probing the associated signals in various final states could uncover the underlying dynamics of the model.
